E. coli can be used to construct carbohydrates in hemagglutinin molecules of different strains in order to produce effective antigens for vaccine and rapid diagnostic kits against new emerging viruses.
pgl B encodes the oligosaccharyltransferase, which is a homologue of the eukaryotic Stt3p, the most conserved protein in the oligosaccharyltransferase complex found exclusively in eukaryotes and archaea [1] . The pglB can detect prokaryotic N-glycosylation motif, D/ExNyS/T. The 'x' and 'y' could be any amino acid except P [5] .
Function of the pgl gene locus of C. jejuni in a flexible organism like E. coli has provided the ability to express recombinant glycoproteins, and possibly to improve carbohydrate engineering [2, 3, 6] .
One of the candidate glycoproteins to be studied in this recombinant E. coli is the hemagglutinin of influenza virus. The structure of this molecule was revealed by Watowich et al. [7] . Carbohydrate linkage of the molecule is through N-glycan, and there is no carbohydrate with the O-glycan linkage [8] .
This valuable molecule is considered as an ideal model to study many biological processes such as membrane fusion, folding in secretion pathways as well as the effect of glycosylation on the function of glycoproteins [9] [10] [11] . Hemagglutinin is a membrane glycoprotein of the influenza virus that is expressed as a trimer. Each monomer consists of two subunits, of which HA1 ( ϳ 36 kDa) and HA2 ( ϳ 27 kDa) are glycosylated and linked together by a disulphide bond. HA1 is the amino-terminal part of the molecule which has most of the oligosaccharide chains and antigenic sites [12] . There is one prokaryotic N-glycosylation motif (D/ExNyS/T) among the glycosylation sites of most of the influenza A/H1N1 hemagglutinin amino acid sequences such as:
This study aims to demonstrate the expression of the influenza virus A/New Caledonia/20/99 (H1N1) hemagglutinin large subunit with an N-glycosylation prokaryotic motif in recombinant E. coli and analyze glycosylation using lectin blotting. Selection of hemagglutinin as a model to study the expression of the glycosylated form in recombinant E. coli and confirmation of its glycosylation can be a beneficial step in the study of eukaryotic glycoproteins in recombinant E. coli .
Materials and Methods

Virus and Bacteria
Human influenza virus A/New Caledonia/20/99 (H1N1) was used to inoculate in the confluent Madine-Darby canine kidney cell line grown in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) FBS, 100 U/ml of penicillin G and 100 g/ ml of streptomycin [13] . E. coli Top10F' and E. coli BL21 (DE3) were used as host for cloning experiments and high level expression of proteins, respectively. A list of plasmids and primers used in this work is given in table 1 .
Construction of pET-HA1
The HA1 gene lacking its 48-bp signal peptide was amplified by RT-PCR from influenza A/New Caledonia/20/99 (H1N1) genomic RNA as the template. The universal primer (Uni12) was used for cDNA synthesis and specific primers for cDNA amplification ( table 1 ) [14] .
The RT-PCR product was cloned into the pGEM-TEasy vector (Promega) for sequencing analysis. For periplasmic expression, HA1 gene was subcloned into pET22b downstream of the Secdependent signal peptide PelB (ssPelB).
Coexpression of pET-HA1 and pACYC (pgl)
The competent BL21 (DE3) cells were transformed by two constructs, pET-HA1 and pACYC (pgl) . The colonies harboring both constructs were selected on LB agar containing ampicilin and chloramphenicol. The selected colonies were then grown in LB broth at 37 ° C with shaking at 185 rpm. To reach the optical density of 0.4-0.6 at a wavelength of 600 nm (OD 600 ), the induction was performed using different concentrations of IPTG. After 2 h of induction, the cells were harvested by centrifugation (9, 3 min at 4 ° C) and expression was determined by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) using the method of Laemmli [15] .
Periplasmic Protein Extraction by Osmotic Shock Procedure
Periplasmic osmotic shock fluid was obtained by the method of Koshland and Botestin [16] .
Periplasmic Expression and Glycosylation Analysis
The periplasmic proteins were separated under reducing conditions (12%) by SDS-PAGE. Proteins were then transferred onto the nitrocellulose membrane for immunoblotting and lectin blotting.
Immunoblotting
Western blotting was carried out using specific monoclonal antibody against the influenza A/New Caledonia/20/99 (H1N1) hemagglutinin (anti-HA; ab66189; Abcam) as first antibody (1: 1,000 dilution), and horseradish peroxidase (HRP)-conjugated goat anti-mouse monoclonal antibody (A8924; Sigma-Aldrich) was used as the second antibody (1: 2,000 dilution). The nitrocellulose membrane was blocked with 2.5% bovine serum albumin in PBS containing Tween 20. Blots were finally developed using diaminobenzidine (DAB) solution as an HRP substrate.
Lectin Blotting
The transferred membrane was blocked with a blocking solution containing 3% (w/v) bovine serum albumin in PBS-T overnight at 4 ° C. The membrane was incubated with HRP conjugate of soybean agglutinin (SBA; final concentration 10 g/ml; L2650; Sigma-Aldrich) in blocking buffer for 2 h at room temperature. After washing 5 times with PBS-T, the membrane was incubated in DAB solution [17] . A recombinant HA1 [expressed in BL21 without pACYC (pgl) ] was used as a negative control.
Lectin Blot Inhibition
The specificity of lectin binding was assessed by the overnight preincubation of lectin conjugate with a different concentration of N-acetylgalactosamine (A2795; Sigma-Aldrich) in PBS-T at 4 ° C followed by a lectin blotting procedure [17] .
Competitive Hemagglutination Inhibition Assay
In this assay, periplasmic rHA1 was incubated (overnight at 4 ° C) with standard antiserum; antibodies remaining in the supernatant were measured by hemagglutination inhibition (HI; WHO protocol) [18] . HI titers were determined by the reciprocal value of the last dilution of standard antiserum which completely inhibited hemagglutination of chicken RBC.
Results
Expression of the HA1 from H1N1 Influenza
Virus in E. coli The HA1 containing 918 bp was amplified from the cDNA of influenza A/New Caledonia/20/99 (H1N1) using Taq high-fidelity polymerase ( fig. 2 a) and cloned in to the pGEM-TEasy vector without the signal peptide nucleotide sequence. Sequencing analysis showed that 48 nucleotides (16 amino acids) were removed from N-terminus. This sequence is compatible with reference sequence in NCBI (AJ344014), and there is no mutated nucleotide in extended N-glycosylation motif (D/ExNyS/T; data not shown).
The HA1 was subcloned in pET22b ( fig. 2 b) . It was expressed and induced using IPTG (0.2 m M ) in E. coli BL21(DE3) cells with and without a plasmid containing the wild-type pgl locus from C. jejuni (pACYC pgl ; fig. 3 ). As a negative control for expression and glycosylation, we used cells carrying a backbone plasmid pET22b ( fig. 3 ,  lanes 2 and 3) .
Glycosylation Analysis
For glycosylation detection of recombinant protein, periplasmic extracts were concentrated with PEG6000 and analyzed by SDS-PAGE, and subsequently confirmed fig. 3 b, lane 4 and 5) . Both of the proteins reacted with anti-HA antibody. The low migrated rHA1 band ( ϳ 37 kDa) protein was not present in extracts from glycosylation-deficient cells ( fig. 3 a, lane 4 and 5) ; we hypothesized that this additional protein may be the single glycosylated form of HA1.
To identify carbohydrate structure covalently attached to the influenza rHA1, lectin blot was performed using peroxidase-labeled GalNAc-specific lectin SBA, and the glycosylated band was observed ( fig. 4 a, lane 5) .
The GalNAc-specific lectin SBA recognizes the terminal GalNAc residues present on the C. jejuni N-glycans [19] .
Expression of influenza HA1 in E. coli yielded nonglycosylated HA1 ( fig. 3 a, lane 4 and 5), whereas coexpression of HA1 with C. jejuni locus revealed glycosylated HA1, visualized by DAB substrate ( fig. 4 a, lane 5) .
To confirm the glycosylated band, the lysate was blotted using inhibited HRP-conjugated SBA lectin (with 0.2 M GalNAc), which was determined by the band disappearance ( fig. 4 b, lane 5) .
Competitive HI Assay of Glycosylated rHA1
Antigenicity of glycosylated recombinant HA1 (grHA1) and non-g-rHA1 was assessed by testing the protein's ability to remove HI of standard sheep (SH420) antiserum (NIBSC, 02/224) antibodies. Both rHA1 (g-rHA1 and non-g-rHA1) proteins decreased 2-fold in antibody titer ( fig. 5 ).
Discussion
A variety of prokaryotic glycosylated proteins with Nterminally extended glycosylation motif (D/ExNyS/T) has been expressed in this recombinant E. coli [5] .
According to Nita-Lazar et al. [20] , prokaryotic N-glycosylation is accomplished in the periplasmic space where the oligosaccharyltransferase active site is present.
The large subunit of influenza virus is a good model to study N-glycosylation in this recombinant E. coli . In this study, the HA1 subunit from the influenza virus hemagglutinin was subcloned in pET22b vector containing ssPelB and successfully expressed in the recombinant E. coli (containing the pgl locus of C. jejuni ). Nucleotide sequence analysis showed that the obtained sequence is compatible with the NCBI coding sequence (AJ344014), and 48 nucleotides (16 amino acids) were removed from the N-terminus. Based on the rHA1 and the ssPelB sequence, the molecular weight of rHA1 was calculated to be 36.04 kDa. Western blot analysis confirmed the obtained 36-kDa protein ( fig. 3 , lane 4 and 5). These results suggested that the HA1 protein was successfully expressed in the E. coli strains both in the presence and absence of the pgl locus.
In this experiment, the partially purified periplasmic hemagglutinin was concentrated with PEG6000. Following Western blotting, the two bands of rHA1 appeared in recombinant E. coli , showing a different molecular weight of rHA1. The lectin blot and lectin blot inhibition results confirmed the glycosylation of the rHA1. Disappearance of the glycosylated band after blotting with inhibited HRPconjugated SBA lectin indicated that C. jejuni -specific oligosaccharide was linked to rHA1 and successive glycosylation of rHA1. Therefore, the prokaryotic N-glycosylation motif of rHA1 consists of C. jejuni -specific oligosaccharide side chain, which could react with SBA lectin.
The results of competitive HI demonstrated that grHA1 and non-g-rHA1 have the same antigenicity. We confirmed that both rHA1s react with standard antiserum, and demonstrated that the prokaryotic N-glycosylation site does not interrupt its antigenicity.
Wang et al. [21] showed that hemagglutinin with short glycans at the glycosylation sites, even with a monosaccharide, possesses higher immunogenicity. Since the C. jejuni glycosylation system leads to a heptasaccharide, shorter than eukaryotic oligosaccharides, the rHA1 (with D/ExNyS/T motifs in all glycosylation sites) expressed in the recombinant E. coli using the C. jejuni glycosylation system may have higher antigenicity than the one expressed in eukaryotic cells. On the other hand, the key enzyme of this system, pglB, is a flexible oligosaccharyltransferase, so different carbohydrate structures consisting of reduced monosaccharides such as FucNac, GalNAc, GlcNAc in reductive ends can be transferred [3] .
It has been shown that the glycosylation system of C. jejuni can only transfer heptasaccharide with a complete length or without any side branch to recipient protein via oligosaccharyltransferase (pglB) enzyme, whereas short oligosaccharide can be made in recombinant E. coli by destroying the genes of this pathway such as pglA, pglJ, pglH, and pglI which is able to transfer to the recipient protein [3] . Therefore, using this system for HA glycosylation with a shorter carbohydrate (monosaccharide) and high immunogenicity could be produced. Thus, using these oligosaccharides and engineering the other eukaryotic N-glycosylation motifs of hemagglutinin to glycan recipient sequences in prokaryotic systems (D/ExNyS/T) can improve hemagglutinin glycosylation in E. coli .
